A wild strain of the multinucleate plasmodial myxomycete Physarum polycephalum was isolated in pure culture and grown on a medium consisting of 1 yo (w/v) Tryptone, 1% (w/v) glucose, 0.15% (w/v) yeast extract, 0.3% (w/v) CaCO,, inorganic salts and a small amount of chick embryo extract. The organism may be grown with this medium either as a single large plasmodium on surface culture, or as a suspension of tiny plasmodia in submerged culture. From an initial inoculum of 1 ml. of a %day culture, the average plasmodial yield in a submerged culture was about 80 mg. dry weight/20 ml. medium a t 72 hr. Growth occurred only in the presence of small amounts of an unidentified factor which was present particularly in chick embryo extract and foetal calf serum. An isolate of P. polycephalum was grown continuously on this medium for over four years without an appreciable decrease in growth rate. Under proper conditions a suspension of tiny plasmodia from shaken culture will fuse to form a single large surface plasmodium which exhibits synchronous mitosis.
INTRODUCTION
The myxomycete Physarum polycephalum possesses a number of characteristics which recommend it for studies of cellular activities: (i) mitoses are essentially synchronous in the multinucleate plasmodium (Howard, 1932) ; (ii) the plasmodia are sufficiently large to permit the correlation of changes in cell structure with changes in chemical content, since samples may be taken simultaneously and sequentially from a single plasmodium with a minimum disturbance to the organism; (iii) the stages of proliferation and differentiation (sporulation) are distinct and separable and may be controlled by the investigators (Daniel & Rusch, 1958) .
Although the myxomycetes have been recognized for over a century (Schweinitz, 1822) most of the studies on these organisms have been morphological and taxonomic in nature. This limited study may be attributed to a general unawareness about this group of organisms but particularly to a lack of adequate methods of laboratory cultivation. Previous studies were conducted with impure cultures grown on oats or other natural substrates (Howard, 1931 (Howard, , 1932 Camp, 1936) . Cohen (1939 Cohen ( , 1941 and Sobels (1950) reported the isolation of pure cultures which grew on autoclaved yeast or oats, or in the presence of another organism, and Hok (1954) obtained growth on autolysed yeast preparations. Although pure cultures were apparently obtained, sustained growth was achieved only with insoluble natural media unsuitable for nutritional and biochemical investigations. This paper presents methods for the growth of Physarum on a soluble medium free from other organisms (axenic culture) and describes the growth characteristics of the cultures. The morphological features of the organism grown under these conditions are described elsewhere (Guttes, Guttes & Rusch, 1961) .
METHODS
Isolation. The culture of Physarum polycephalum used was isolated by permitting a plasmodium, reconstituted from the sclerotial stage (kindly furnished by Professor M. P. Backus, Department of Botany, University of Wisconsin) to migrate across sterile phosphate agar (pH 4.3) a t 20". Fragments of the arborescent plasmodium were cut out with a sterile knife, transferred to a similar sterile agar plate, and this procedure repeated four or five times with each isolate. Only plasmodial branches which had undergone maximum migration without intersecting their own paths were used. Such portions could be selected since plasmodia deposited an easily visible path of slime. To detect the presence of contaminating organisms, the plasmodia were then allowed to migrate on nutrient agar plates at pH 5 and at pH6, and these fragments were transferred to these media a second time. The plasmodia were next transferred to nutrient agar plates (pH 5 ) streaked with sterile rolled oats and whole yeast, and incubated at 20". The nutrient agar plates from which these plasmodia were removed were then incubated at 20" and 37", and the migration path inspected for the appearance of colonies of microbial contaminants. When these plates showed no contaminants the plasmodia transferred from them were provisionally assumed to be pure and were transferred from the yeast + oats nutrient agar plates to Erlenmeyer flasks containing sterile oats, and incubated at 20". These flasks were prepared by autoclaving 2 g. dry cereal-grade oats/500 ml. flask for 1 hr. at 121". After being cooled, the oats were moistened with about 2 ml. sterile distilled waterlg. oats. The transferred plasmodia were very small, and, because of this, growth on the moist oats could be observed only after 3-5 days. Transfers were made by loop, and care was taken to minimize damage to the fragments. Growth on this medium was rapid and profuse. After several transfers the organism was tested for contamination by dispersing plasmodial fragments of different ages in shaken and deep-tube static culture, by streaking on agar plates and by stab cultures at 21°, 28" and 37", at pH4 and 6. The media used were oat agar and a peptone Tryptone beef-extract yeast-extract agar, with and without glucose. After various periods of incubation the cultures were examined microscopically for evidence of contamination. In addition, direct microscopic examination of stained and unstained Physarum cultures was made. Samples of old degenerated cultures were also examined by the same procedures. The possibility that P . polycephalum may suppress the growth of contaminants by phagocytosis or by its reported antibiotic production (Sobels, 1950) is minimized, since Physarum degenerates in static submerged liquid culture a t pH 6 or above. Although subsequent tests showed that penicillin and streptomycin, at 1000 and 100 units/ml., respectively, had little effect on the organism grown under the conditions employed, these antibiotics were not used for the initial isolation of the cultures. The pure culture of P. polycephalum 49
Culture medium. Pure cultures of Physarum polycephalurn were maintained on sterile rolled oats, as described in a preceding section, until a soluble medium was devised. The composition of the medium finally adopted for routine culture is given in Table 1 The following stock solutions were diluted to give the concentrations listed in (w/v) . All inorganic salts, as well as citric acid and HC1 but not CaCO,, were dissolved together so that 3.0 ml. of the concentrated solution in 100 ml. medium gave the final concentrations shown in Table 1 . The above components were combined and autoclaved for 20 min. at 121'. A very pale yellow colour is characteristic of the concentrated salt solution freshly prepared with pure ferrous chloride. However, salt solutions which develop a marked increase in yellow colour, indicating the oxidation of ferrous to ferric iron, should not be used, since the organism requires ferrous iron. The stock solutions with a few drops of toluene added were stored in a refrigerator.
Calcium carbonate was autoclaved as a 10% (w/v) suspension in distilled water for 1 hr. at 121', cooled, and then added to this cooled medium. The pH value of the autoclaved suspension of CaCO, was approximately 8 to 8.5. Preparations of CaCO, of higher pH value made the final medium exceed the optimal value of pH 5 and were avoided.
The lyophilized embryo extract (Difco) was reconstituted with 8.3 ml. sterile distilled water/ampoule (equivalent to 2 ml. of 50 yo freshly prepared non-lyophilized extract) and was added to the solution with a sterile syringe after the addition of CaCO,. The complete medium, buffered a t pH 5.0 with CaCO,, was then dispensed in the desired sterile culture vessels, into which the organism was then inoculated. Care was taken to keep the CaCO, suspended while the medium was being dispensed. Submerged agitated culture. Submerged cultures were prepared by allowing a plasmodia1 fragment to migrate from the wetted bottom of a tilted 500 ml. Erlenmeyer flask containing 20ml. of growth medium, on to the liquid surface. The flask was then placed upright to float the piece of plasmodium and incubated without agitation for 48-72 hr. Care was taken not to submerge the organism, since this caused degeneration in static cultures. After the plasmodium had grown for about 48 hr., the flask was agitated a t 170 reciprocations/min. with a stroke length of 18 in. and maintained at 21.5' & 1". The organism fragmented into tiny plasmodia (micro-plasmodia) under such conditions and was maintained in shaken culture by serial transfer. Since growth may be retarded by prolonged exposure to ordinary room lighting, the cultures were kept in the dark except during periods of examination.
After several transfers satisfactory growth was obtained and a constant culture cycle established. Plasmodia from such cultures tended to adhere to the walls of the flask and had to be shaken down periodically to insure reproducible growth rates. Shaken cultures were routinely maintained in 500 ml. Erlenmeyer flasks containing 20 ml. medium. One ml. of a 72 hr. culture containing the equivalent of about 450 pg. plasmodial nitrogen, inoculated into 20 ml. medium, produced a culture of similar plasmodial concentration after 72 hr. of growth.
Surface culture. Surface cultures of a single plasmodium were grown on filter paper supported at the surface of the liquid medium on glass beads, either in Petri dishes or in Erlenmeyer flasks. Cultures were inoculated either with single fragments cut from other surface plasmodia or with suspensions of 2-to 3-day shaken cultures. Samples (1-2 ml.) of the latter were pipetted directly on to a dry filter paper (Whatman no. 40) and allowed for several hours to fuse into a single plasmodium before the medium was added below the filter paper. Earlier addition of the medium retarded fusion. About 13 ml. medium were required just to cover a layer of glass beads (about 3.5 mm. diam.) in a 9 cm. diam. Petri dish. When a larger surface plasmodium was desired, the culture was first centrifuged, resuspended in a volume of CaC0,-buffered salts medium (pH 5 ) equal to the packed plasmodial volume, and dispersed in a thin layer on the filter paper. (This medium was prepared by diluting 3.0 ml. inorganic salts +citric acid + HC1 concentrate to 100 ml. with H,O, autoclaving, and buffering with 2 ml. sterile 10 yo (w/v) CaCO, suspension; see Medium, Table 1 .) Surface cultures carried in Petri dishes could not be used for the prolonged maintenance of the Physarum in pure culture because of their susceptibility to contamination, but such cultures could be maintained in 500 ml. Erlenmeyer flasks.
Agar cultures of the organism were prepared by autoclaving dry granular agar evenly distributed over the bottom of the desired culture vessel for 1 hr. and, after cooling, adding 5.7 ml. medium/g. agar. These cultures were inoculated with looptransferred fragments of plasmodium or with suspensions of microplasmodia from agitated cultures.
Stock cultures. Cultures were maintained routinely in shaken flasks and on the surface of granular agar in Erlenmeyer flasks. Each of two cultures was inoculated into triplicate cultures. Unopened cultures from two previous transfers were retained as reserve inocula. The shaken cultures were transferred every 3 days, and the surface cultures every 6-7 days.
The isolates now in use have been maintained continuously in various types of culture for more than 4 years and are periodically re-examined for purity. Particular attention must be paid to aseptic technique, since the relatively slow multiplication rate of Physarum enables many microbial contaminants to establish themselves without being readily detected for a number of transfers.
In addition to the original isolate, a few specimens of Physarum polycephalum obtained from other sources have also been isolated, and, apart from some characteristic differences, all have grown under the conditions described in this paper.
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Analytical procedures. The growth of Physarum polycephalum was estimated by the measurement of the total trichloroacetic acid-precipitable nitrogen and of the dry weight. Nitrogen was estimated by the microKjeldah1 method of Johnson (1941). Centrifuged plasmodia were suspended in a small volume of distilled water and precipitated with a volume of 8 % (v/v) trichloroacetic acid (TCA) in acetone (TCA+acetone; 8.0 ml. of 100 % (w/v) TCA diluted to 100 ml. with acetone) equal to the volume of the plasmodial suspension. After standing overnight at 5", the suspension was centrifuged, the clear supernatant fluid saved for determination of the yellow plasmodial pigment, and the precipitate suspended and dissolved in O -~N -N~O H , samples of which were used for nitrogen analysis. Small amounts of the mucoprotein-like substances present in the medium of cultures older than 2.5 days and insoluble in TCA + acetone were unavoidably included in the analysis of these samples. Dry weight was determined as the weight of residue of washed plasmodia dried for 24 hr. at 115". 
RESULTS
Preliminary studies demonstrated that submerged rather than surface culture of Physarum polycephalum was the more useful form for determining nutritional and growth characteristics. In submerged culture growth was more rapid, more readily measured, and was easier to maintain free from contamination. This type of culture was also basically more useful, since the very small plasmodia so obtained readily fused, when pipetted on to filter paper, to yield large plasmodia suitable for study of synchronous growth.
Submerged agitated culture Typical growth curves obtained in submerged culture for two different isolates with the Tryptone glucose medium are given in Fig. 1 . The average plasmodial yield from 100 ml. medium at 3-4 days was equiv. to 0.42 g. dry weight, with an average microKjeldah1-N value of 807% and a dry weight of 18.7y0.
To determine the optimal concentrations of glucose and Tryptone for growth, the amounts of these components were varied independently of each other in the basal medium (Fig. 2) . The results indicated that 1.0% (w/v) of each was the most suitable for routine use. The small increase in yield achieved by increasing either one or both components to 1.5% (w/v) did not warrant the relatively large ( 5 0 % ) increase in amount of substrate. Glucose and Tryptone each at 2.0% (w/v) depressed yields considerably even when the optimal pH 5 was maintained. I n the absence of glucose the maximal yield was 29 % of that obtained with 1 % (w/v) glucose. The change in slope of the variable-Tryptone curve suggests that Tryptone 
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represent the growth of isolates made 2 years apart from the same sclerotium. Cultures contained 20 ml. medium and 1.0 ml. inoculum/500 ml. Erlenmeyer flask and were incubated a t 21-22O, agitated at 170 reciprocations/min. Plasmodial-N represents the average microKjeldahl-N of duplicate 21 ml. cultures. +, 4-day inoculum ; -0-, 3-day inoculum. The medium listed in Table 1 failed to support growth in the absence of chick embryo extract. The results in Fig. 3 show this requirement and clearly indicate that no growth occurred without embryo extract; the small yield obtained was essentially equivalent to the inoculum added. The flattening of the curve at maximum growth suggests that the active fraction of embryo extract was a micronutrient and not a gross nitrogenous source. The reconstituted embryo extract listed in Table 1 contained about 0.6 mg. N/ml., while the complete medium contained about 1.7 mg. N/ml. Neither the pH value nor the concentrations of salts, yeast extract, glucose or Tryptone were growth-limiting in these experiments.
Of a large number of natural products and pure compounds tested, only chick embryo extract, foetal calf serum, and foetal calf erythrocyte haemolysate showed high growth-promoting activity. Less activity was found in chick and beef sera and in human umbilical cord serum. Although whole yeast and oat flakes also supported growth, various extracts of these materials were inactive. ---A-, surface cultures, 20 ml. medium absorbed by 3 g. agar (Difco, granular), dryautoclaved in 500 ml. Erlenmeyer flasks, loop-inoculated with a small plasmodial fragment (equiv. about 470 pg.-N)/flask; harvested after 10 days static incubation at 21-22' by floating plasmodium off agar surface. Chick embryo extract prepared in manner described for medium ; plasmodial-N represents the average microKjeldah1-N of duplicate 21 ml. cultures. Fig. 4 . Effect of CaCO, and phosphate buffers on pH value of culture and plasmodial yield. All cultures contained 50 ml. medium/500 ml. flask and 2-5 ml. inoculum (equiv. 300 pg.-N)/ml. and were incubated a t 21-22' a t 170 recip./min. ; plasmodial-N represents the average microKjeldahl-N of duplicate 21 ml. cultures. +, N for 0.3 yo CaCO, buffer; -0-, N for 0-2 yo CaCO, buffer; ---@ ---, p H value for 0.2 yo CaCO, buffer; -0-, N for cultures buffered with KH,PO, (adjusted p H 5) and added to give a medium concentration equivalent to 1.5 yo (w/v) KH,PO,, CaCO, omitted.
---H ---, pH value for phosphate-buffered cultures ; sterile phosphate buffer added t o medium after autoclaving.
Under otherwise optimum conditions, maximum growth was obtained when the soluble medium was maintained at pH 5 with calcium carbonate. The acid production accompanying growth and the necessity of using a buffer to obtain a maximum yield are shown in Fig. 4 . The smaller buffering capacity of the phosphate at pH 5, as compared with that of 0.2% (w/v) CaCO,, permitted a steady decrease in pH value which resulted in a 24% decrease in growth. When the amount of calcium carbonate was increased from 0.2 to 0-3%, the culture remained a t pH 5 for 5 days (not shown in Fig. 4) and a yield of 3.55 mg. N/20 ml. was obtained. Since the optimum pH value of 5 was maintained well past the time of peak yield (3-4 days), cessation of net growth resulted either from a depletion of nutrients or from an increase in growth-inhibiting metabolites.
With citric acid buffer (0.5%, w/v, adjusted to pH 5 ) there was only 49% as much growth as with 0*3y0 (w/v) CaCO,. Acetic acid buffer (0.5y0, w/v, adjusted to pH 5 ) inhibited growth completely. Potassium phosphate buffers at pH 4 and 6.8 supported only 30 and 2%, respectively, as much growth as was obtained with the same buffer at pH 5. When cultures were maintained on a medium buffered with 1.5 Yo (w/v) KH,PO, adjusted to pH 5, and free from added calcium, a requirement for Ca++ could be demonstrated (Fig. 5) . The concentration of magnesium present in the growth medium ( Table 1) did not replace Ca++.
The growth behaviour as a function of culture volume is shown in Fig. 6 . The yield was substantially improved by the better aeration provided by the smallest (20 ml.) volume. However, the interpretation is complicated for a coenocytic organism since the growth rate may also be influenced by the degree to which plasmodial fragmentation is affected by agitation. In addition to the effect of culture volume, the rate and type of agitation obtained on various shakers also influenced both aeration and fragment size. The extent to which the mechanical characteristics of these shakers contributed to differences in growth rate is being examined. Submerged cultures grown a t atmospheric pressure under nitrogen showed no net growth.
Decreasing the size of the inoculum delayed the time required to reach the peak yield. As summarized in Table 2 , the use of an inoculum equivalent to 450 pg.-N resulted in the most rapid average duplication time (tav.) and did not unduly prolong the time (a) of peak yield (3). A relatively small volume of inoculum also decreased the amount of culture fluid carried with each transfer.
The data of Table 3 summarize the relation between duplication time and pigment formation with this medium. From a comparison of the calculated N/pig. values tabulated against duplication times observed directly from the nitrogen curves, it is apparent that during the period of most rapid growth (0.5 ml. inoculum, at 0-28 hr.) pigment formation was relatively depressed. This was followed by a period of decline in growth rate, during which pigment formation abruptly increased. When the growth rate was constant but somewhat slower than the maximum (2.5 ml. inoculum, 0-28 hr.) the N/pig. ratio remained approximately constant and was followed after 46 hr. by a period during which growth declined and pigment formation rose rapidly. In each case the relative plasmodial pigment content was lowest (highest N/pig. ratio) a t approximately the time of most rapid growth. The N/pig. ratio appeared to remain constant only when the duplication time was also constant. Studies in progress in this laboratory on the properties of the pigment indicate that the in VitTO formation of a leuco form under reducing conditions may also occur in vivo. The N/pig. ratio may then reflect either the synthesis or oxidation-reduction ratio of the pigment.
The tendency of non-growing or slowly-growing plasmodia to accumulate pigment is a useful measure of the capacity of a medium to support growth. Fig. 7 shows the The pure culture of P. polycephalum 55 data of Fig. 2 plotted as a function of pigment content. The increasing yields correlate with increasing N/pig. ratios but not necessarily with increased growth efficiency (g. plasmodium/g. substrates). Oat-grown plasmodia also continued to produce pigment (Fig. 8 ) for a considerable period after the termination of growth at 6 days as indicated by the increasing N/pig. ratio. Table 1 . Cultures containing 20 ml. medium/500 ml. Erlenmeyer flask were harvested after incubation for 4 days at 21-22' and 170 recip./min. The yield for zero added Ca++ was obtained from the third transfer of the culture on the phosphate-buffered medium with no added Ca++. Plasmodial-N represents the average microKjeldah1-N of duplicate 21 ml. cultures. The amount of slime produced by the plasmodium also increased as indicated by increase in viscosity of the culture medium toward the end of the growth period, but no quantitative determinations were made. 
Surface cultures
Plasmodia also grew very well on the surface of filter paper resting on glass beads a t the surface of the nutrient medium. Under optimal conditions, a 1 ml. inoculum of a %day submerged culture, after fusing into a single plasmodium grew to a maximum diameter of 7 cm. in 3 days. Such plasmodia grew as thin compact circular disks. During maximal growth, the organism did not migrate but expanded peripherally ; however, when the nutrients were exhausted or were replaced by a non-nutrient medium, the plaque-like culture quickly changed into a highly motile arborescent network. The growth of the plasmodium on the surface of nutrient agar was slower than that obtained on nutrient-moistened filter paper, and assumed a loose weblike appearance. Plasmodia floating on the surface of nutrient media also grew satisfactorily, but great care was required to prevent submersion of the organism.
DISCUSSION
The method of pure culture described in this paper has permitted the controlled production of Physaruin polycephalum in sufficient quantity for critical studies on growth and morphogenesis. As far as the authors are aware, this report provides the first description of such growth conditions for a plasmodial myxomycete in axenic culture. The growth of P . polycephalum on a completely soluble medium refutes the conjecture often found in the literature that this plasmodial species requires particles or whole organisms for its nutrition.
The composition of the growth medium differs principally from that of media developed for other micro-organisms in that it contains embryo extract. Although a large number of soluble natural media were tested, the addition of embryo extract was always found necessary to obtain sustained growth. The required factor in embryo extract apparently occurs in few, if any, commercially processed soluble natural materials such as are usually tested for growth activity, and it was not present in various extracts of oats prepared in our laboratory, although rolled oats served as an excellent growth medium. The factor is readily extracted from chick embryo, several blood sera and erythrocytes. However, it cannot be replaced by the large number of pure metabolites so far tested. Embryo extract and blood serum have also been widely used for the growth of mammalian cells in vitro and, although the optimum concentration required for the growth of P. polycephalum is much lower, the resulting yield of organism is greater than for mammalian cells. Although the maximum growth rate so far obtained with Physarum polycephalum on this medium is considerably less than that of many micro-organisms, the maximum yield is relatively high (equiv. 0.42 g. dry wt./g. glucose) and comparable to the yields obtained with the aerobic filamentous fungi. However, P. polycephalum can also use Tryptone, to a small extent, as well as glucose, as an energy source. As the growth rate of ageing cultures declines, two readily detected products accumulate in the medium : a Sevag-precipitable viscous material, and the yellow plasmodial pigments. Estimation of the nitrogen content of these products is in progress to evaluate the efficiency of Tryptone for plasmodial growth as opposed to the formation of these by-products.
Physarum polycephalum, previously considered to grow only on surfaces as a large single plasmodium, can now be grown in submerged culture as a suspension of multinucleate microplasmodia. Such cultures facilitate the reproducible handling of this organism at any stage of growth under a variety of nutritional conditions, and expedite the preparation of uniform surface plasmodia in which synchronous mitoses can be most readily investigated. The small plasmodia from shaken cultures readily fuse under proper conditions within several hours, without appreciable deterioration, to form large (1-2 g.) plasmodia. This unique capacity of integrating rapidly and efficiently large numbers of small independent protoplasmic units into a single large stable plasmodium with little or no apparent loss of cellular material suggests the presence of a highly active and unusual cell interfacial boundary.
Preliminary electron micrographs obtained by Dr I. B. Sachs in this laboratory confirm the presence of a very thin cell boundary and the absence of a grossly structured cell wall.
The mitotic synchrony first recognized by Howard (1932), and which occurs in plasmodia as large as 20 cm.2 (Guttes et al. 1961) recommends Physarum polycephalum as an ideal material for studies requiring synchronous growth because : ( a ) synchronous mitosis is a natural and cyclic event (thus objections raised to the use of cell populations synchronized under conditions resulting in unbalanced cell multiplication or short-lived synchrony do not apply); (b) growth through a number of mitotic cycles can be studied in a single plasmodium or 'cell'. The advantage of such plasmodia for biochemical investigations was recently illustrated by the demonstration with conventional procedures that DNA is synthesized during a short period immediately following mitosis (Nygaard, Guttes & Rusch, 1960) . Synchrony in this organism is probably dependent to a large extent on the rapid metabolic communication afforded by the rhythmic cytoplasmic flow among all areas of a single plasmodium.
Observations made during the present study indicate that migration of the plasmodium occurred only when the nutrient medium was suboptimal. Since protoplasmic streaming occurs in both migrating and non-migrating plasmodia, it appears that a decreased growth rate favours a directional net flow of the organism. The cause of streaming is unknown, but is thought to be associated with myxomyosin, a contractile protein (Kamiya, Nakajima & Abe, 1957; Ohta, 1954) . This actomyosin-like protein was first detected by Loewy (1952) and further studied by Ts'o, Bonner, Eggman & Vinograd (1956) .
The application of these present cultural methods also facilitates a more critical study of the life cycle. Vegetative plasmodia grown in agitated culture and fused into large surface plasmodia may be induced to sporulate under appropriate conditions of pure culture; the metabolic patterns which characterize this change are now being studied.
